Signaling in the nervous system requires matching of neurotransmitter receptors with cognate neurotransmitters at synapses. The vertebrate neuromuscular junction is the best studied cholinergic synapse, but the mechanisms by which acetylcholine is matched with acetylcholine receptors are not fully understood. Because alterations in neuronal calcium spike activity alter transmitter specification in embryonic spinal neurons, we hypothesized that receptor expression in postsynaptic cells follows changes in transmitter expression to achieve this specific match. We find that embryonic vertebrate striated muscle cells normally express receptors for glutamate, GABA, and glycine as well as for acetylcholine. As maturation progresses, acetylcholine receptor expression prevails. Receptor selection is altered when early neuronal calciumdependent activity is perturbed, and remaining receptor populations parallel changes in transmitter phenotype. In these cases, glutamatergic, GABAergic, and glycinergic synaptic currents are recorded from muscle cells, demonstrating that activity regulates matching of transmitters and their receptors in the assembly of functional synapses.
calcium spikes ͉ homeostatic receptor plasticity ͉ neurotransmitters ͉ spinal cord ͉ skeletal muscle I nformation processing in the nervous system relies on transmission of electrical signals at synapses via release of presynaptic neurotransmitters that bind to neurotransmitter receptors on postsynaptic cells. Matching of transmitter receptors with transmitters is critical for signaling by networks of neurons, because mismatch would disrupt information transfer. Evaluation of mechanisms that regulate expression of transmitters and receptors suggests that neuronal activity may be an important factor. Calcium-dependent electrical activity in Xenopus spinal neurons homeostatically regulates specification of acetylcholine (ACh), glutamate, GABA, and glycine at early stages of development (1) , depolarization increases the proportion of dopaminergic neurons in nodose, petrosal, and dorsal root rat ganglia (2) , and specification of GABAergic and glutamatergic phenotypes in developing hippocampal rat granule cells depends on electrical activity (3) . NMDA receptor (NMDAR) expression is modulated by early activity in the rat superior colliculus (4) and in cat and ferret visual cortex (5) , and ␣-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid receptor (AMPAR) levels are activity-dependent in postnatal rat nucleus accumbens neurons (6) . Kainate receptor expression depends on activity in postnatal rat thalamocortical synapses (7) . Electrical activity also regulates subunit expression of GABA A receptors (GABA A Rs) in rat superior colliculus neurons (8) and ACh receptors (AChRs) at the neonatal mouse neuromuscular junction (NMJ) (9) .
The transmitter acetylcholine and acetylcholine receptors are normally paired at the vertebrate NMJ (10) (11) (12) , and genetic programs regulate aspects of differentiation of motor neurons and muscle cells (13, 14) . However, several features of synapse formation have been shown to be activity-dependent (15) (16) (17) (18) , and presynaptic and postsynaptic differentiation appear to be mutually inductive events. For example, presynaptically derived agrin serves as the trigger for the localization of receptors and the associated postsynaptic machinery in muscle cells (19) . Before neuronal contact, AChRs are distributed over the entire surface of the muscle cell, with occasional high-density patches. After neuromuscular contact, AChRs cluster rapidly in the postsynaptic membrane, and the density of extrajunctional AChRs decreases gradually in a process controlled by muscle cell activity (20) (21) (22) . The role of neurotransmission in NMJ formation has been tested by generating mutant mice lacking activity of the ACh-synthesizing enzyme choline acetyltransferase; the numbers of all three synaptic components (motor axons, myotubes, and Schwann cells) were affected (16) . Retrograde signaling also regulates development of the NMJ. Before establishing terminal synapses with their final muscle targets, migrating motor axons form en passant synaptic contacts with myotomal muscle in zebrafish embryos. In twister AChR mutants, neuromuscular transmission is prolonged at these synapses, giving rise to aberrant motor axon trajectories as well as muscular degeneration (23) . In Caenorhabditis elegans muscle cells appear to be required for formation of presynaptic varicosities by innervating motoneurons (24) . Although these studies clearly define the importance of neural activity and bidirectional interactions in the assembly and refinement of a newly formed synapse, little is known regarding the mechanisms of matching a transmitter with the appropriate class of receptors.
Here, we show that embryonic muscle cells initially express several classes of transmitter receptors in addition to those for ACh. During normal differentiation and innervation of muscle, the other classes of receptors disappear. Changing the expression of transmitters by altering calcium spike activity leads to retention of the classes of cognate, noncholinergic receptors. Under these conditions, we record glutamatergic, GABAergic, and glycinergic synaptic currents from the skeletal muscle, as well as those mediated by nicotinic AChRs. We find that selection of appropriate receptors depends on diffusible factors from neurons. The results indicate that early neuronal activity ensures matching of transmitters and their receptors and regulates the identity of newly formed synapses.
Results

Developmental Regulation of Neurotransmitter Receptor Expression
in Skeletal Muscle. We analyzed developmental regulation of expression of transmitter receptor transcripts in muscle by RT-PCR. Innervation of Xenopus axial musculature starts at 1 day after fertilization, and the embryo progresses through an early flexure stage to a free swimming stage that starts at 2 days (25, 26). We identify mRNA encoding subunits of receptors for ACh (nAChR), glutamate (NMDAR and AMPAR), GABA (GABA A R), and glycine (glycine receptor; GlyR) in axial muscle at 1 day (stage 22; Fig. 1A Top) . These transcripts are still present at 1.3 days (stage 28; Fig. 1 A Middle) , but only those encoding nAChR␣1 and NMDAR NR1 (faint band) are detected by 3 days of normal development (stage 40; Fig. 1 A Bottom) . All transcripts are present in the neural tube throughout this period and absent from the notochord at the early stages. Early neuronal markers NeuroD and neurogenin-related-protein-1 are amplified from neural tube but not from muscle or notochord; thus, contamination of muscle by transcripts from the neural tube is unlikely.
We then assessed the expression of transmitter receptor proteins by evaluating agonist and antagonist binding and receptor subunit immunohistochemistry of permeabilized muscle (Fig. 1B) . We find that nAChR levels increase from 1.3 to 3 days of development, as previously described (27). NMDARs, AMPARs, GABA A Rs, and GlyRs are present initially, and their levels decrease during this period (Fig. 1C) . Labeling of these receptors appears to be specific. Antibodies used to characterize NR1, AMPAR GluR1, and GlyR␣1 subunits in muscle identify bands of predicted size on Western blots. Controls performed with antigen-absorbed antibodies and competitive antagonists or unlabeled ligands for nAChRs and GABA A Rs yield staining not different from background [supporting information (SI) Fig. 5 ]. Labeling of a constant area and depth quantifies the developmental changes in total intracellular and surface receptor levels ( Fig. 1C Insets) . These results indicate that vertebrate skeletal muscle expresses five classes of neurotransmitter receptors at early developmental stages, four of which are selectively eliminated to achieve the mature cholinergic phenotype.
Changes in Early Neuronal Activity Alter Developmental Progression
of Neurotransmitter Receptor Expression. We next altered neuronal calcium (Ca 2ϩ ) spike activity to test whether changes in transmitter specification in embryonic spinal neurons perturb the selection of transmitter receptors in skeletal muscle. Activity was suppressed or enhanced by implanting agarose beads adjacent to the neural tube at 20 h of development, loaded with Ca 2ϩ and sodium (Na ϩ ) channel blockers or veratridine, a voltage-gated Na ϩ channel agonist (1). When suppressing activity and increasing the incidence of glutamatergic and cholinergic neurons (1), we find a significant shift in the distribution of nAChRs from junctional to extrajunctional regions at 3 days of development, although the overall expression in axial musculature does not change (Fig. 1D ). Enhancing activity decreases expression of nicotinic receptors. These results are consistent with observations of the effects of the presence and absence of electrical activity on the distribution of nAChRs in adult muscle (28, 29) . NMDAR and AMPAR expression increases when activity is suppressed and decreases when activity is enhanced (Fig. 1D) . Expression of inhibitory transmitter receptors, GABA A Rs and GlyRs, does not change significantly when activity is suppressed but increases when activity is enhanced, a condition that causes an increase in the incidence of GABAergic and glycinergic neurons (1) (Fig. 1D ). These findings demonstrate activitydependent regulation of expression of different classes of transmitter receptors in skeletal muscle that parallels changes in transmitter specification in developing spinal neurons.
Noncholinergic Terminals Project to Muscle When Early Neuronal
Activity Is Altered. To assess anatomically the potential noncholinergic innervation of the axial musculature after manipulation of early neuronal activity, we labeled whole-mount preparations for neurotransmitter phenotype and a presynaptic marker, SV2. The number of synaptic puncta in axial musculature of larvae in which activity has been suppressed or enhanced is greater than in controls (Fig. 2 Left) . In control larvae, nerve terminals stain strongly for the vesicular ACh transporter (VAChT), weakly for glutamate, and not for GABA or glycine. After Ca 2ϩ spike suppression, staining for VAChT endures but some axons and presynaptic boutons are strongly stained for glutamate and not for GABA or glycine. VAChT staining also persists after Ca 2ϩ spike enhancement, but glutamate staining is absent, and some boutons are now stained for GABA or glycine ( Fig. 2 Center and Right). Antibodies to VAChT appear to stain both axons and terminal varicosities, whereas the antibodies to glutamate, GABA, and glycine appear to stain terminal varicosities alone. Although different antibody affinities and permeabilities may contribute to this profile, these results suggest that cholinergic innervation remains abundant after perturbation of Ca 2ϩ spikes and the appearance of noncholinergic transmitters. Labeling of a constant area quantifies the numbers of SV2-and transmitterlabeled puncta for each condition (Fig. 2 Insets) . These results show that perturbations of early neuronal activity increase the number of synaptic puncta and suggest that they influence the class of transmitter in axons innervating skeletal muscle.
Noncholinergic Neuromuscular Junctions Are Established When Early
Neuronal Activity Is Manipulated. To determine whether NMJs are formed by using glutamate, GABA, or glycine as transmitters, we first recorded miniature postsynaptic currents (mpscs) from muscle cells in control 3-day larvae. Excitatory mpscs (mepscs) occurred at a mean frequency of 7 min Ϫ1 (range 3-11 min Ϫ1 ; n ϭ 8 NMJs). Histograms of kinetic parameters of these mepscs show a tight distribution of rapid rise and decay times, with decays that are fit by a single exponential (Fig. 3A and SI Fig. 6 ), suggesting that a single receptor type is involved. These mepscs were completely blocked by 3 M pancuronium (n ϭ 6), a nAChR antagonist, identifying them as cholinergic, consistent with previous results (25, 26) (Fig. 3 B, G and H) . Events blocked by pancuronium exhibit rise and decay times (Fig. 3I ), similar to those described for nicotinic receptor-mediated currents (30) .
We next recorded mpscs from muscle cells in larvae that had been implanted embryonically with beads to alter neuronal Ca 2ϩ spike activity. After suppressing Ca 2ϩ spike activity, the distribution of rise and decay times is broader, and some events are fit by two exponentials, suggesting several receptor types are involved ( Fig. 3C and SI Fig. 6 ). These mepscs occurred at a mean frequency of 24 min Ϫ1 (range 3-112 min Ϫ1 ; significantly different from control, P Ͻ 0.005; n ϭ 26). Examination of 12 NMJs from 10 larvae yielded mepscs that were blocked by glutamate receptor antagonists at six junctions. Some were blocked by 50 M D-AP5, an NMDAR antagonist, and others by 50 M CNQX, an AMPAR antagonist, indicating the presence of glutamatergic currents that were kinetically similar to those recorded from spinal neurons (30, 31) (Fig. 3 D and G-I) . Occasionally, blockade was complete only when nicotinic and glutamatergic antagonists were added together, indicating both cholinergic and glutamatergic innervation of a single muscle cell (Fig. 3 D and G) . The proportion of excitatory noncholinergic responses after Ca 2ϩ spike suppression is significantly different from the control (P Ͻ 0.05, Fisher's exact test).
After loading beads with veratridine, histograms of kinetic parameters again exhibit a broad distribution of rise and decay times, and some events are fit by two exponentials, suggesting the presence of several classes of receptors ( Fig. 3E and SI Fig. 6 ). These mpscs were generated at a frequency of 34 min Ϫ1 (range 5-179 min Ϫ1 ; significantly different from control, P Ͻ 0.001; n ϭ 27). Examination of 13 NMJs from 10 larvae yielded inhibitory mpscs (mipscs) at 6 junctions that were blocked by 10 M bicuculline or 10 M strychnine, GABA A R, and GlyR blockers (Fig. 3 F-I ). These results demonstrate the presence of currents that are kinetically similar to those recorded from spinal neurons (32) . Mipscs were interleaved with cholinergic mepscs. The proportion of inhibitory responses after Ca 2ϩ spike enhancement is significantly different from the control (P Ͻ 0.05, Fisher's exact test). Forty percent of muscle cells exhibited only cholinergic innervation after either suppression or enhancement of neuronal Ca 2ϩ spike activity (Fig. 3G) . However, altering neuronal Ca 2ϩ spike activity leads to the appearance of NMJs with novel classes of mpscs, which are generated at different frequencies (Fig. 3H) .
Activity-Dependent Neuronal Diffusible Factors Signal to Muscle Cells and Regulate Neurotransmitter Receptor Expression.
To begin to analyze the mechanism underlying transmitter-receptor matching, we determined whether embryonic skeletal muscle cells in dissociated cell culture express different classes of receptors, using an imaging screen to test the transmitter sensitivity of muscle cells cocultured with neurons. Uninnervated muscle cells loaded with Fluo-4AM, a fluorescent Ca 2ϩ indicator, demonstrated transient elevations of intracellular Ca 2ϩ in response to 1 M ACh or 5 mM glutamate. ACh responses were blocked by 3 M pancuronium, and 80% of glutamate responses were blocked by 1 mM kynurenate, an ionotropic glutamate receptor antagonist (Fig. 4 A and B) . Increases in intracellular chloride (Cl Ϫ ) were recorded in response to 1 mM GABA or 1 mM glycine when cells were loaded with diH-MEQ, a fluorescent Cl Ϫ reporter. These responses were blocked by 10 M bicuculline and 10 M strychnine, respectively (Fig. 4 C and D) . Thus, the excitatory and inhibitory transmitter receptors observed in vivo are functional in embryonic skeletal muscle cells grown in vitro.
To evaluate the dependence of transmitter sensitivity of muscle cells on neuronal activity, we grew nerve-muscle cocultures and cultures of muscle cells alone under different conditions. Growth in the absence of extracellular Ca 2ϩ or in the presence of 2 mM Ca 2ϩ and 1 M veratridine suppressed or enhanced the generation of neuronal Ca 2ϩ spikes but had no effect on spontaneous generation of Ca 2ϩ transients in muscle cells (33) (SI Fig. 7) . The transmitters expressed in the neurons changed in response to these changes in Ca 2ϩ spike activity (SI Fig. 8 ) as reported for neurons cultured in the absence of muscle cells (1) . Analysis of spontaneous mpscs in innervated muscle cells grown under these conditions revealed that noncholinergic NMJs are formed after perturbations of spontaneous neuronal Ca 2ϩ spike activity (SI Fig. 9 ) as observed in vivo. Uninnervated and uncontacted muscle cells exhibited differences in the incidence of responses to different transmitters depending on the culture conditions. These muscle cells invariably generated Ca 2ϩ elevations in response to ACh, but their sensitivity was greatest when cocultures were grown in Ca 2ϩ -free medium (Fig. 4E ) that increases the incidence of cholinergic neurons (SI Fig. 8 ). The high level of ACh sensitivity was absent when muscle cells were cultured in the absence of neurons. The incidence of muscle cells responsive to glutamate exhibited a similar dependence on neuronal activity (Fig. 4F) , paralleling the differentiation of more glutamatergic neurons (SI Fig. 8 ). The incidence of responsiveness to GABA and glycine showed a reverse dependence on neuronal activity. Cocultures grown in the presence of Ca 2ϩ plus veratridine, which leads to a greater number of GABAergic and glycinergic neurons (SI Fig. 8) , demonstrated the highest incidence of muscle cells responsive to GABA and to glycine; this effect was absent when neurons were omitted from the cultures (Fig. 4 G and H) . Because the effects observed in nerve-muscle cocultures depend on neuronal Ca 2ϩ spike activity, these data suggest that neurons signal to muscle cells by diffusible factors indicating the class of transmitter they express, which specify selection of the corresponding receptors.
Discussion
These results show that alterations in neuronal Ca 2ϩ spike activity lead to matching of NMDARs, AMPARs, GABA A Rs, GlyRs, and nAChRs with their cognate neurotransmitters at the vertebrate NMJ. Thus, activity can ensure formation of functional synapses, and the class of synapse depends on the level of this activity. We infer that presynaptic changes in transmitter phenotype drive postsynaptic changes in neurotransmitter receptors. Perturbations of neuronal Ca 2ϩ spike activity do not affect generation of Ca 2ϩ transients in muscle cells, and the pattern of changes in transmitter receptors on muscle cells follows the pattern of homeostatic changes in transmitter specification in neurons. The cell culture results argue for a mechanism involving diffusible factors that may include, but not be limited to, the transmitters themselves. The appearance of mpscs entirely mediated by inhibitory transmitters in vitro that are not observed in vivo (cf. SI Fig. 9 and Fig. 3G ) may be due to the absence of guidance constraints on innervation in culture. Whether multimodal mpscs are due to corelease of several transmitters from the same vesicle or release from distinct populations of vesicles in the same or different nerve terminals remains to be determined. The results are in agreement with findings of glutamatergic transmission at adult vertebrate NMJs (34) and with the release of glutamate from neonatal mammalian motorneurons (35, 36) . Glutamatergic-cholinergic cotransmission at the vertebrate NMJ may contribute to apparently normal behavioral and physiological development after chronic blockade of embryonic electrical activity (37, 38) .
The expression of several classes of transmitter receptor in muscle early in development resembles the expression of receptors in neurons, most of which express more than one class. The mechanisms by which neurons localize appropriate receptors opposite the terminals releasing particular transmitters may be similar to the mechanisms involved in transmitter-receptor matching at the NMJ. Activity may play a critical role in sorting different classes of terminals with their cognate postsynaptic receptors in developing neuronal synapses (39, 40) .
The expression of glutamate and GABA receptors in vertebrate skeletal muscle is reminiscent of the expression of these receptors at invertebrate NMJs of crabs, lobsters, locusts, and nematodes. In turn, invertebrate skeletal muscle express AChRs in nematodes, echinoderms, and molluscs. Given a common ancestry, it is perhaps unsurprising to observe expression of these noncholinergic receptors in vertebrate skeletal muscle. The observation of glycinergic vertebrate NMJs remains intriguing, because we are not aware of invertebrate NMJs that use glycine as a transmitter. The richness of transmitter receptor expression in muscle may be relatively unexplored.
We propose a model in which multiple classes of neurotransmitter receptors are expressed initially and the appropriate populations are selected to achieve transmitter-receptor matching observed at mature synapses. Receptors that are activated may become stabilized, whereas those that are not are either inactivated or removed (41) (42) (43) , and transmitter receptor genes may be differentially regulated (14, 44, 45) . Tests of the model will include simultaneous tracking of transmitter expression and clustering of cognate with disappearance of noncognate receptors and identification of the relevant diffusible factors. Embryonic neurons of other species generate developmentally transient Ca 2ϩ -dependent action potentials (46) (47) (48) (49) that may produce Ca 2ϩ spikes like those described for Xenopus spinal neurons and regulate transmitter and receptor expression similarly.
Methods
RT-PCR.
RT-PCR was performed on cDNA synthesized from tissue-specific isolated RNA. Primers were designed to amplify predicted sequences for Xenopus nAChR␣1, NMDAR NR1, AMPAR GluR1, GABA A R␤2, and GlyR␣1 because these receptor subunits are widely expressed in the nervous system. NeuroD and neurogenin-related-protein-1 were amplified as neuron-specific markers. Further details are described in SI Methods and Table 1 .
Labeling of Neurotransmitter Receptors and Western Blots. Wholemount preparations were incubated with 1 M Sytox Green (a nuclear marker; Molecular Probes, Eugene, OR) and with MF20 antibody to myosin (Developmental Studies Hybridoma Bank, Iowa City, IA) to confirm muscle cell identity. Receptors were labeled with 5 g/ml Alexa 488-␣-bungarotoxin, 100 nM BODIPY-TMR-muscimol (Molecular Probes), or antibodies to GlyR␣1, NR1, or GluR1 (Chemicon, Temecula, CA). Western blots were carried out on membrane protein extracts of whole larvae (stage 40) with the antibodies used for immunohistochemistry. See SI Methods for further details.
Labeling of Neurotransmitters in Presynaptic Nerve Terminals. Stage 40 larvae were fixed and the spinal cord and the innervated myotome were exposed to antibodies to the VAChT (Chemicon), glutamate (Sigma, St. Louis, MO), and GABA and glycine (Chemicon) and to a presynaptic marker, SV2 (Developmental Studies Hybridoma Bank). See SI Methods for further details. 
